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Abstract
Statement of problem

Soft-tissue attachment to different surfaces may play a pivotal role in the long-term success of dental implants.
However, studies on the issue, especially on newer materials, are sparse.

Purpose

The purpose of this in vitro study was to evaluate the viability and adhesion of human gingival fibroblasts (HGFs)
on different implant abutment materials with specific surface modifications.

Material and methods

One hundred and fifty specimens in 6 experimental groups were evaluated: smooth-machined titanium alloy
(Ti), laser-modified titanium (TiL), smooth-machined polyetheretherketone (PEEK) (P), laser-modified PEEK (PL),
plasma-treated PEEK (PP), laser- and plasma-treated PEEK (PLP). Machined Ti was considered as the control
group. Surface roughness (Sa), water contact angle (WCA), and X-ray photoelectron spectroscopy (XPS) were
measured. HGF attachment and proliferation were observed at 1, 3, and 7 days after cell seeding. Comparison of
the means among the groups was performed with 1-way analysis of variance (ANOVA) with post hoc comparison
using the Tukey test (α=.05).

Results

Sa values of the laser modified groups were significantly higher than those of the nonmodified (smoothmachined) groups (P<.001). WCAs were significantly different among PEEK groups, and plasma-sprayed groups
had the lowest WCAs. XPS analysis of both Ti and PEEK groups showed laser treatment did not have any
significant effect on the surface composition of the PEEK as the same bonds with similar ratio/fraction were
detected in the spectrum of the modified specimens. Scanning electron microscopy (SEM) revealed more
functionally oriented HGF cells on the laser-grooved surfaces. On the first, third, and seventh day of
proliferation, the titanium groups showed no significant differences (P>.05). On the first and third days of
proliferation, the plasma sprayed groups (PP, PLP) showed significantly greater proliferation than all
experimental groups (P<.001). On the seventh day of proliferation, statistically significant differences were
observed between all PEEK groups and between all PEEK groups and the Ti group (P<.001), with the exception of
the PL and P groups and the PLP and Ti groups (P>.05).

Conclusions

Laser-modified titanium and PEEK surfaces led to guided gingival fibroblast attachment. Plasma treatment of
PEEK surfaces increased the wettability of this polymer and improved proliferation of HGF.
Clinical Implications
PEEK implant components may be a valid choice in areas of esthetic challenges where maximum softtissue contact is essential.
Dental implants are a predictable procedure for replacing missing teeth. In some instances, and particularly in
sites with a thin biotype, esthetics may be challenging. Transmission of implant abutment color through
overlying mucosa may occur, especially with metal implant abutments. Even with ideal biotypes, the instability
of peri-implant tissues over time may lead to exposure of metal abutments or implants.1, 2, 3, 4
Zirconia abutments are one of the restorative options available in the anterior region, and its fracture resistance
and effect upon titanium implants have been studied.5, 6, 7 Significant technical and biological complications due

to catastrophic zirconia abutment fracture have been documented.5 Foong et al,5 in an in vitro study,
demonstrated that the mean number of cycles until failure of the titanium abutment was 3 times that of the
zirconia abutment; that the average load before failure for the titanium abutment was almost twice that of the
zirconia abutment; and that the mode of failure of the zirconia abutments was fracture at the apical portion of
the abutment without damage or plastic deformation of the abutment screw or implant. These results were
consistent with those of other studies.5 Klotz et al6 and Stimmelmayr et al7 reported that for implants with
zirconia abutments, the initial rate of wear and total wear after cyclic loading was greater than that with
titanium abutments. According to the authors,6,7 component loosening and subsequent fracture and/or release
of particulate titanium debris and damage of the internal implant connection is also a possible consequence of
wear that could result in prosthetic failures.
The soft-tissue adjacent to implants may provide a protective seal between the oral environment and
supporting bone. It may also prevent bacterial colonization, thus preventing irreversible marginal bone
loss.8,9 Therefore, early establishment of organized soft tissue around implant abutments may be an important
step toward osseointegration and long-term implant survival.10 Human gingival fibroblasts (HGFs) are the
principal cells in peri-implant connective tissue10 and are important for gingival wound healing and
regeneration.10 The amount and bioactivity of HGFs at the implant-gingival interface may influence formation of
peri-implant soft-tissue seals. Factors involved in crestal bone remodeling include microtopography of implants,
implant-abutment connections, and implant position in relation to crestal bone.11,12 It has been hypothesized
that the surface characteristics of biomaterials used in implant abutments may be important for determining the
quality of attachment between soft tissue and implant abutment interfaces.10
The original Brånemark protocol included smooth implant surfaces with residual periodic microgrooves made by
machining bulk titanium rods. However, in the last 30 years, chemical and physical techniques have been
developed to affect microtopography and improve osseointegration.11, 12, 13, 14, 15 Newer technologies such as
controlled laser ablation have been used for surface modification of implant materials to improve the biologic
result. Controlled laser ablation creates microgrooves on the collar surface of implants or transmucosal parts of
abutments.15
The stability of peri-implant soft tissue and crestal bone levels has been reported to be the main clinical
rationale for microgroove texturing.15, 16, 17, 18, 19, 20, 21 Resistant seals that protect peri-implant soft and hard
tissues around implant transmucosal components have been of importance.18,22,23 According to in vitro and
in vivo studies, wider bands of connective tissue attachment on the transmucosal parts of implants with
horizontal microgrooves have been demonstrated; these physical contacts have prevented epithelial
downgrowth along implant surfaces.24, 25, 26, 27 According to a 5-year retrospective study by Guarnieri et al,20 the
risk of onset of peri-implant diseases was reduced in laser-microgrooved implant collar surfaces. It was observed
that connective tissue fibers oriented perpendicular to laser-microgrooved surfaces.20 Around machined implant
surfaces, collagen fibers are oriented circumferentially and parallel to the surface.20
Polyetheretherketone (PEEK) is a semicrystalline linear polycyclic aromatic, thermoplastic material first
developed by English scientists in 1978.10 PEEK products are processed by means of computer-aided design and
computer-aided manufacturing (CAD-CAM) or pressing techniques.7
PEEK has been shown to be biocompatible, nontoxic, nonmutagenic, and not responsible for clinically significant
inflammation.28 The mechanical properties of PEEK are similar to those of human cortical bone.10 Clinical use of
PEEK has been limited because of its inertness. Hahnel et al8 reported that cell viability on the surface of PEEK
substances was significantly lower than cell viability associated with zirconia, titanium, or
polymethylmethacrylate surfaces. There are 2 main strategies for enhancing PEEK bioactivity: surface
modification and composite preparation. Wettability of PEEK materials has been a critical matter in biomedicine.

To promote wettability, different methods have been used: mechanical etching, chemical treatment, flame
treatment, DC glow discharge, ion and electron beam irradiation, laser, and plasma treatment.29
Laser treatment has been shown to be an effective method of improving the surface roughness properties of
different polymers.30 Plasma treatment is a common surface modification that creates oxygen-containing groups
at the surface, which may improve polymer hydrophilicity.31 Surfaces with different wettability lead to different
cell areas (quantity) and cell shape (quality) compared with controls.32,33 Combinations of laser and plasma
treatments may provide a patterned surface composed of nanotextures and microtextures and desirable
chemical groups on the surface, which can be used to modify the wetting characteristics of PEEK
materials.31 Many studies1,17, 18, 19,33, 34, 35, 36, 37, 38 have investigated the effect of different surface modifications on
titanium, and with emerging technologies, there is a need for further studies. However, in vitro studies on PEEK
are limited, especially in the field of implant dentistry. Surface texturing of PEEK and evaluation of biological
responses to the surfaces are the novelty of the present study.
The null hypothesis was that no difference would be found between PEEK and modified PEEK surfaces and
titanium and laser-modified titanium surfaces regarding surface roughness, human gingival fibroblast
proliferation, and viability.

Material and methods
Six types of surface and material combination were evaluated in this in vitro study: titanium (Ti), laser-modified
Ti (TiL), PEEK (P), laser-modified PEEK (PL), plasma-sprayed PEEK (PP), and laser-modified and plasma-sprayed
PEEK (PLP) (Fig. 1). One hundred and fifty disks were prepared (6×25). PEEK (Invibio PEEK OPTIMA; Invibio
Biomaterial Solutions) and titanium (Ti) (BioHorizons Inc) specimens were manufactured in the form of disks
(10×1 mm). Ti disks were milled from titanium alloy, Ti-6AL-4V ELI (extra-low interstitials). Laser-modified Ti
exhibited 8-μm grooves (Laser-Lok; BioHorizons Inc). The machined Ti group was considered as the standard or
control group.

Figure 1. Experimental groups, left to right: Ti (machined Ti), TiL (Ti laser-treated), P (machined PEEK), PP (PEEK
plasma-sprayed), PL (PEEK laser-treated), PLP (PEEK laser-treated and plasma-sprayed). PEEK,
polyetheretherketone.
PEEK disks were machined from PEEK rods and subsequently received laser microgroove texturing (Pulse
Technologies). Plasma modifications were made to 2 groups of PEEK: plasma-treated PEEK (PP) and lasermodification and plasma treatment PEEK (PLP). These substrates were modified in a commercially available
plasma chamber (PE-50 Venus; Plasma Etch, Inc) equipped with a radio frequency source operating at 120 VAC

and 60 Hz. Nitrogen plasma treatment was carried out for 5 minutes under vacuum condition at 250 to 300 W
and 1 Pa pressure.
After machining and/or surface treatment, the disks were ultrasonically cleaned and rinsed in distilled water and
then dried at 50 °C for 24 hours. The disks were allocated and evaluated for physical and biological
characteristics measurements as follows: 6 for surface roughness, 5 for WCA, 3 for XPS, 3 for cell attachment
assays, and 8 for cell proliferation assays.
The parameters of surface characteristics were surface roughness (Sa) and water contact angle (WCA). Surface
roughness (Sa) was evaluated using a 3D laser measuring microscope (LEXT OLS4000; Olympus). Scans were
made on 6 specimens per group and 3 areas for each specimen (500×500 μm). WCAs were measured by using a
video contact-angle measuring system at room temperature. Distilled water was dropped onto a specimen, and
the water droplet was captured by using an illuminated camera (Dino-lite). The contact angle measurement was
made after 10 seconds and after the droplet stabilized.
The chemical surface compositions of the machined and laser-treated specimens were analyzed with X-ray
photoelectron spectroscopy (XPS). Analyses were performed with an operating angle of 45 degrees at 150 W to
collect Auger and XPS data.
HGFs stored in liquid nitrogen were used for this project. These cells were harvested from healthy patients
undergoing oral surgery with their written informed consent and with appropriate approval of the Marquette
University School of Dentistry. Briefly, gingival biopsy tissues were transferred to a solution of 2 mg/mL of
collagenase type I in Dulbecco modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) and 1%
antibiotic-antimycotic, minced well, and incubated for 4 hours at 37 °C. After centrifugation of the digested
tissue for 5 minutes at 200 g, DMEM culture medium with 10% FBS was added to the pellet, which was
transferred to 25-cm2 tissue culture flasks. Passages 3 to 5 of these cells were used in the present study. Cells
were seeded on sterilized specimens at a density of 1×105 cells/mL in 24-well plates, allowed to attach for 3
hours, and then submerged in media and incubated at 37 °C, 5% CO2, and 80% humidity for 1, 3, and 7 days.
Reagent (PrestoBlue Invitrogen; Life Technologies) was used for cell proliferation assessment. At each time
point, the specimens were rinsed with PBS and submerged in the 10% v/v ProstoBlue in DMEM without phenolred and incubated for 2 hours at 37 °C, 5% CO2, and 80% humidity to allow the reaction of the reagent with
viable cells. One hundred microliters of the obtained solutions from each well was transferred to a 96-well plate,
and the fluorescence intensity was measured by using a microplate reader (Synergy HTX; BioTEK) with excitation
wavelengths of 540 nm and emission wavelengths of 590 nm. Intensity was proportional to the number of cells
on the specimen.
Twenty-four hours after seeding, the morphology and growth of the cells attached on different specimens were
assessed by SEM (JSM6510 SEM; JEOL). The procedure of cell seeding was the same as mentioned previously;
however, for enhanced characterization of cell morphology on the surface of different specimens, the seeding
value was lowered (1×104 cells/mL). After 24 hours of incubation, the specimens were rinsed with PBS to
remove nonadherent cells, fixed for 4 hours in Karnovsky solution (2% glutaraldehyde+4% paraformaldehyde),
and washed twice for 5 minutes with PBS. The specimens were post-fixed for 1 hour in 1% aqueous osmium
tetroxide, washed twice for 5 minutes with distilled water, and dehydrated in an increasing ethanol series: 3050-70-90-100%. After air-drying overnight, they were sputter-coated with gold and observed by SEM.
A comparison of the means of the measured values among the groups was performed with 1-way analysis of
variance (ANOVA) with post hoc comparison made by using the Tukey test (α=.05). A statistical software
program (IBM SPSS Statistics, v24.0; IBM Corp) was used for the analysis.

Results
The height deviation (Sa) values of the laser-modified groups were significantly higher than those for the
nonmodified (smooth-machined) groups (P<.001). The WCAs of the Ti and TiL groups were not significantly
different (P>.05). A significant difference was found among the PEEK groups, with the plasma-treated groups
(PP, PLP) having significantly lower WCAs than the other groups (P, PL) (P<.001) (Fig. 2 and Table 1).

Figure 2. Water contact angle measurements. A, Titanium. B, PEEK. PEEK, polyetheretherketone.
Table 1. Surface characteristics
Surface
Characteristics of
Experimental
Materials
Parameter

N

Sa (μm)
WCA (degrees)

6
5

Ti, Mean
(SD)
0.13A (0.10)
54.7A (4.9)

TiL, Mean
(SD)
2.02B (0.25)
48.7A (3.5)

P, Mean
(SD)
0.71C (0.24)
82.6B (2.2)

PL, Mean
(SD)
2.52D (0.49)
100.2C (4.6)

PP, Mean
(SD)
0.68C (0.23)
10.4D (2.8)

PLP, Mean
(SD)
2.14D (0.39)
12.1D (2.6)

P**
<.001
<.001

P, PEEK; PL, laser-modified PEEK; PLP, laser- and plasma-modified PEEK; PP, plasma-modified PEEK; Sa, surface
arithmetical mean height; Ti, titanium; TiL, laser-modified titanium; WCA, water contact angle.
P values obtained from 1-way ANOVA among materials on each parameter.
A,B,C,D
Tukey test groupings.

For the XPS analysis, the peaks were wider for laser-treated Ti and PEEK (rougher), as expected. The carbon (C)
in the Ti specimens had more C-O and C=O bonds, and the laser-treated specimens had a higher C atomic
percentage. C-C, C-O, and C=O bonds were observed in the spectrum of untreated PEEK, as expected. Laser
treatment did not seem to have a significant effect on the surface composition of the PEEK because the same
bonds with similar ratio and fraction were detected in the spectrum of the modified specimen (Fig. 3).

Figure 3. XPS spectra. A, PEEK. B, Laser-treated PEEK. C, Ti. D, Laser-treated Ti. Insets show elemental
comparison of C and O. XPS, X-ray photoelectron spectroscopy; C, carbon; O, oxygen
On the first, third, and seventh day of proliferation, the titanium groups had no significant differences in cell
proliferation (P>.05). On the first and third day of proliferation, the plasma-treated PEEK groups showed
significantly greater proliferation than all other experimental groups (P<.001). On the seventh day of
proliferation, statistically significant differences were observed among all PEEK groups and between all PEEK
groups and the Ti group (P<.001), with the exception of the PL and P groups and PLP and Ti groups (P>.05)
(Fig. 4).

Figure 4. Fluorescence intensity. A, After 24 hours, 3 days, and 7 days. B, Normalized cell number. HGF cell
proliferation of all groups. OD measurements conducted at excitation wavelength of 540 nm and emission
wavelength of 590 nm for fibroblast proliferation. Labels on bar graphs (A, A’, A”, B, B’, B”, C, C’, C”, D, D’, D”)
represent Tukey test groupings according to post hoc test at each measurement point. OD, optical density.
The morphologic SEM examination of the specimens showed that the laser-modified surfaces had altered
surface topographies compared with the control specimens (Fig. 5). Irregular structures on the surfaces of the
control groups were related to the turning process at manufacturing. The SEMs revealed more functionally
oriented HGF cells on the laser-grooved surfaces; the cells in the laser-modified groups were more elongated
(Fig. 6).

Figure 5. Scanning electron microscope images of fibroblasts attached to surfaces at ×400 and ×1200 original
magnification. Ti group (A, A’), TiL group (B, B’), P group (C, C’), PP (D, D’), PL (E, E’), and PLP (F, F’).

Figure 6. Scanning electron microscope images of fibroblasts attached to surface of disk. A, PLP group. B, TiL
group. (Original magnification ×1200). PLP, plasma-treated polyetheretherketone. TiL, laser-modified titanium.

Discussion
The purpose of this in vitro study was to compare the physical characteristics (surface roughness and WCA) and
attachment and proliferation of human gingival fibroblasts on 2 implant materials with different surface
modifications. The null hypothesis was rejected for both the PEEK and titanium groups. The results showed that
the surface roughness of machined titanium and laser-modified titanium groups was significantly different
(P<.001); however, the WCAs were not significantly different (P>.05). For PEEK groups, the surface roughness of
the laser-treated specimens was significantly different from the that of non–laser-treated group (P<.001).
Plasma-treated PEEK groups in this experiment had highly hydrophilic surfaces, but all other PEEK groups had
hydrophobic surfaces.
The WCAs of the Ti groups were significantly smaller than those of the P and PL groups (P<.001). Both Ti and TiL
groups demonstrated moderately hydrophilic properties. The results for the Ti group were consistent with those
reported by Kim et al,1 who reported that the WCA for the Ti-6Al-4V alloy group was 58.5 ±4.9 degrees. The
slight difference between the WCAs in these 2 studies may be due to differences in specimen roughness
(Sa=0.22 ±0.03 μm for the study by Kim et al and 0.13 ±0.1 μm for the present study).1 In the present study,
plasma treatment led to ultrahydrophilic behavior of the specimens. The water droplets completely wet the
plasma-treated PEEK and laser-plasma-treated PEEK specimens. On the contrary, laser textured surfaces
exhibited dissimilar behavior. The contact angle on laser-treated PEEK was measured at 100.2 ±4.6 degrees,
which was comparable with the results of the study by Akkan et al (110 degrees).31
Different surface treatments may have dissimilar effects, and the wetting characteristics of microtextured and
plasma-treated PEEK were strongly suggestive of that. When the roughness of a hydrophobic surface is
increased, its nonwetting behavior improves.33,34 The results of the present study demonstrated this for the
PEEK group. Besides surface topography, surface chemistry and surface energy play a role in
wettability.1,35 Therefore, attributing a direct relation between surface roughness and wetting characteristics is
inappropriate.
To estimate the effect of laser texturing on the surface chemistry of specimens, XPS analysis was used. Highresolution carbon 1s (C1s) analysis showed that laser treatment led to wider peaks in the specimens, which
suggested rougher surfaces. It can be concluded that darker surface colors of laser-treated specimens (TiL, PL)
were caused by rougher surfaces, not because of surface chemistry changes. The Ti specimens exhibited more CO and C=O bonds, similar to that observed in the study by Akkan et al.31 XPS analysis of both Ti and PEEK groups

showed that laser treatment did not alter surface chemical bonds. Although in the study by Akkan
et al, 32 different laser patterns were used, and PEEK seemed to show similar behavior to different laser
treatments in this study. These results may be crucial for further investigation in different combinations of
surface modifications on PEEK components.
Surface free energy (SFE) plays a central role in HGF cell proliferation.1 Surfaces with high SFE facilitate cell
attachment by absorbing more proteins.1 Wettability and SFE are inversely related with WCA. As shown by
Webb et al,32 surface wettability had more effect on cell area than cell shape. The observations in the present
study confirm that. Cell proliferation was significantly different between PEEK groups (plasma treated versus
nonplasma treated), with significantly different wettability. However, surface microtexture (laser treatment)
influenced cell shape and morphology. In the present study, HGF cell proliferation was inversely related to
WCAs, and plasma-treated groups showed the highest cell proliferations and lowest WCAs. Conversely, the P
and PL groups had the highest WCAs and showed significantly lower HGF proliferation (P<.05). The Ti, PP, and
PLP groups had higher proliferations than did the P and PL groups (P<.05). Furthermore, plasma-treated groups
(PP, PLP) showed significantly higher cell proliferations than Ti on the first and third days (P<.05). On the seventh
day, the HGF cell proliferation of Ti and PLP were not significantly different (P>.05). No significant difference
(P>.05) in HGF cell proliferation was observed between Ti groups (Ti and TiL) at any time point. The results for
the Ti groups were consistent with the results of Nothdurft et al33; in both studies, higher cell spreading was
demonstrated on machined Ti surfaces and optimal proliferation on both surfaces. However, the proliferation
results were different from those of Esfahanizadeh et al,36 who reported that the Laser-Lok groups had higher
proliferation, possibly because of the different assay methods used for viability measurements and the
differences in specimen preparation.
In the present study, the morphology of cells observed under SEM attached to laser-modified Ti and PEEK
surfaces was different from that observed on nonmodified surfaces. On the laser-modified specimens, most cells
were elongated, with more pseudopods attached in the grooves than the machined titanium and PEEK groups.
Cell morphology (elongated versus round cells) determines cell-surface affinity.33,36 Various surface
modifications may cause changes in fibroblast morphology. Elongated cells have more cytoplasmic pseudopods,
which results in stronger attachments to surfaces.36 Laser ablation technology is used to create a series of cellsized (8 to 11 μm) circumferential channels with optimal size for cell attachment.36 Microgroove surface
structure increases the contact area and enables the integration of cell pseudopods and collagen microfibrils
with the surface.37
In the studies by Esfahanizadeh et al 37 and Ricci and Alexander,38 SEM revealed that the majority of cells in the
Laser-Lok group were elongated and had pseudopods, while in the titanium group, a combination of elongated
and round cells was observed on the surfaces. The SEM results in the present study were consistent with those
of former studies.36,38 For the PEEK laser-modified specimens, the cells were elongated and attached into the
grooves. For the PEEK laser- and plasma-treated surfaces, the quality and quantity of the fibroblast attachments
were improved. On the non–laser-modified surfaces, the cells had a combination of elongated and round
shapes. Studies on the biological (cell attachment and proliferation) characteristics of laser-modified PEEK
surfaces to compare with the results of the present study are lacking.
Different laser texturing and combinations of different surface treatments should be investigated further. The
results of the present study demonstrated that PEEK implant components were comparable with Ti in many
aspects and, in some specific treatment situations, may be a better choice.

Conclusions
Based on the findings of this in vitro study, the following conclusions were drawn:

1. Laser-modified titanium and PEEK surfaces led to improved, guided gingival fibroblast attachment when
compared with non–laser-modified surfaces.
2. Plasma treatment of PEEK materials increased the wettability of this polymer and improved the proliferation
of HGF.
3. Therefore, PEEK implant components may be a better clinical choice in areas of esthetic challenge, where
maximum soft-tissue/implant component contact is essential. However, further in vivo evaluations of these
materials are necessary to confirm this conclusion.
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